The minimal signalling unit for tyrosine kinase receptors is two protomers dimerized by one or more ligands. However, it is clear that maximal signalling requires the formation of larger complexes of many receptors at discrete foci on the cell surface. The biological interactions that lead to this are likely to be diverse and have system specific components. In the present study, we demonstrate that, in the FGF (fibroblast growth factor)-FGFR (FGF receptor) system, multimers of the minimal complex composed of two FGF1 and two FGFR2 protomers can form on a single chain of the co-receptor heparin. Using size-exclusion chromatography, we show that two complexes can form on heparin chains as small as 16 saccharide units. We also show by MS that discrete complexes containing exactly two copies of the minimal signalling unit are formed. However, the doublet of complexes appears to be less co-operative than the formation of the 2:2:1 FGF1:FGFR2:heparin complex, suggesting that this mechanism is one of a number of weaker interactions that might be involved in the formation of a focal complex on the cell surface.
INTRODUCTION
Members of the FGF (fibroblast growth factor) family of proteins are found in all animals from the nematode worm Caenorhabditis elegans to mammals, and are required for the correct development of almost all tissues, organs and limbs [1, 2] . FGFs are expressed by a wide range of cells to induce a signal in neighbouring or distant cells, modulating a spectrum of cell behaviours. Responsive cells express at least one member of the FGFR (FGF receptor) family of tyrosine kinase receptors. HS (heparan sulphate), a polysulphated glucosaminoglycan found associated with virtually all mammalian cells and the extracellular matrix, binds to both FGFs and FGFRs, and is required for the full activity of the FGF signalling cascade [3] .
The extracellular domains of mammalian FGFRs are composed of two or three Ig-like superfamily domains (Ig domains I, II and III). Vertebrates have up to five FGFR paralogues [1, 4] . FGFRs 1-4 have an intracellular tyrosine kinase domain of the split kinase family, whereas the intracellular domain of FGFR5 is unrelated to other signalling domains. Studies of FGFRs expressed in vivo [5] and in vitro [6] have shown that receptors lacking Ig domain I are fully competent to bind to FGFs and have enhanced FGF binding activities, suggesting that the first domain may have some inhibitory effect on FGF binding [7, 8] . Crystallographic studies of FGF-FGFR complexes have confirmed that the FGF binding activity is located in Ig domains II and III, with interactions with Ig domain III providing specificity [8] [9] [10] [11] [12] [13] . HS binding is also located in Ig domain II, in a long loop containing many positively charged residues [14] .
HS consists of a polysaccharide backbone of 100-300 saccharide units in length composed of repeating disaccharides of N-acetylglucosamine and uronic acid [15, 16] , which is physiologically attached to cell-surface proteins of the syndecan and glypican families. HS involvement has been implicated in a variety of signalling systems [17, 18] . The HS chains are altered by a range of enzymes that (i) replace N-acetyl with N-sulphate, (ii) epimerize glucuronic acid to iduronic acid, (iii) add sulphate groups to the 2-O position of iduronic acid, and (iv) add sulphate groups to the 6-O, and more rarely, the 3-O positions of glucosamine. Although these modifications are carried out incompletely, each activity is co-ordinated with previous steps in the biosynthesis, leading to the formation of domains of up to 12-14 saccharide units with heavy modification (S-domains) separated by stretches of 14-18 saccharide units with intermediate or low levels of modification [19] . The S-domains are believed to be the principal binding sites for heparin-binding growth factors. The overall level of modification is determined, in an as yet undefined manner, by the enzyme complement of the expressing cells. Heparin is a mast-cell-derived chemical analogue of the S-domains of HS. Fragments of heparin produced by chemical or enzymatic scission have been used for most experiments investigating the interaction of FGFs with N-sulphated glycosaminoglycans. Heparin is sufficient to replace HS for FGF signalling on cells where HS has been removed by chlorate treatment [3, 20, 21] . However, it should be emphasized that heparin is more highly sulphated than the majority of the S-domains in HS which have complex and highly variable sulphation patterns [22] .
Deeper insights into the precise arrangement of the FGF-FGFR-HS complex have been provided by a series of crystal structures. These include the structures of seven members of the FGF family [23] [24] [25] [26] [27] [28] [29] , a structure of two FGF1 molecules bound to heparin [30] and of FGF-FGFR heterodimers [8, [10] [11] [12] [13] . Two structures have been solved for complexes of the two prototypic FGFs, FGF1 and FGF2, in complex with FGFRs 1 and 2 and with heparin [9, 31] . These structures suggest two different architectures for the complex with the dimerized receptor. Further crystallographic [13] and biochemical [32, 33] evidence suggests that both of these architectures are biologically valid and that they are likely to play a role in the physiological signalling of FGFR.
The lack of certainty as to whether one or both of these complexes play a role in the physiological signalling of the FGFs highlights one of the major shortcomings of our understanding of this system. The majority of studies focused on the role of glucosaminoglycans in the FGF-FGFR complex have examined the minimum length of heparin that is required to form an active signalling complex. A recent trend has been to investigate also the minimum sulphation patterns required for FGF binding to heparin. However, evidence is growing that signalling complexes tend to involve a considerable number of receptor molecules clustered at discrete foci. This has been demonstrated for a wide range of receptor systems [34] [35] [36] [37] .
As the physiological HS molecules are 100-300 saccharide units long [15] , the genuine FGFR interaction is likely to involve these long saccharide chains, rather than the minimal units that have hitherto been studied. Therefore we formed complexes of FGF1 and FGFR2 with intact HS chains and long heparin fragments. We observed multiple complexes of FGF1 and FGFR2 forming upon saccharide chains of physiological length. Using MS and analytical ultracentrifugation, we established that four copies each of FGF1 and FGFR2 can form upon a single heparin 24-mer in a reproducible and stable fashion. These data establish that multiple FGF complexes can form on a single saccharide chain, suggesting that multimerization upon HS chains at the cell surface could be one mechanism by which FGF signalling focal complexes are built.
EXPERIMENTAL

Chemicals
Chemicals were obtained from Sigma or from Melford Laboratories.
Preparation of materials
FGF1 and the ligand-binding domain of FGFR2-IIIc were purified separately as described [9] . Size-defined heparin fragments were prepared from porcine mucosa by controlled heparin lyase I depolymerization (Flavobacterium heparinum; EC 4.2.2.7), followed by size-exclusion chromatography as described previously [38] .
Size-exclusion chromatography
Size-exclusion chromatography was performed using a Superdex 200 HR column (Amersham Biosciences) of height 30 cm and diameter 10 mm. Samples were eluted isocratically with a buffer of 10 mM Hepes (pH 7.2) and 150 mM NaCl at a flow rate of 0.5 ml/min. All experiments were run on an Akta Explorer chromatography system (Amersham Biosciences), and the absorbance at 280 and 235 nm was recorded. The components of each experiment were added in the order: buffer, heparin, FGF and FGFR and mixed only after addition of the final component. To calculate apparent molecular masses, 100 µg each of thyroglobulin (667 kDa), ferritin (440 kDa), catalase (252 kDa), aldolase (168 kDa), BSA (67 kDa), ovalbumin (44 kDa), chymotrypsinogen (25 kDa) and ribonuclease A (14.2 kDa) (Amersham Biosciences) were applied to the same column and an identical elution was performed. The molecular mass was calculated according to Values for K, C and the void volume were calculated from multiple values of the standards. Complex spectra were deconvoluted by assuming that they are the sum of two Gaussian curves. The parameters for the Gaussian curves were optimized using leastsquares fitting over the range of the peak, restraining σ to 0.5.
Analytical ultracentrifugation
Samples for analytical ultracentrifugation were concentrated using a Vivaspin 6 centrifugal concentrator with a molecular mass cut-off of 5 kDa (Vivascience). Sedimentation velocity experiments were performed using an Optima XL-I (Beckman Coulter), with a double Epon fitted centrepiece. Sample volumes of 400 µl and reference volumes of 410 µl were used. The sample was centrifuged at 243 500 g, with data taken every 4 min for 2 h. Data were processed using SEDFIT [39] .
MS
Samples for MS were prepared using the size-exclusion chromatography system in 0.2 M ammonium acetate. After elution, fractions at the peak corresponding to the complex were isolated and pooled. The samples were extensively diafiltered to remove non-volatile ions using a concentrator as above.
Mass spectra were collected on an LCT and a QToF-2 mass spectrometer modified for the transmission and isolation of highmass ions [40] , which is equipped with a nanoflow Z-spraysource (Micromass). Nano-ESI capillaries were prepared in-house from borosilicate glass tubes of 1 mm outer diameter and 0.78 mm inner diameter (Harvard Apparatus) using a Flaming/Brown P-97 micropipette puller (Sutter Instruments), and gold-coated using an SEM sputter coater (Polaron). The capillary tips were cut under a stereo-microscope to give inner diameters of 1-5 µm, and typically 2-3 µl of solution was loaded for sampling. The pressures and accelerating potentials in the mass spectrometer were adjusted to strip away buffer adducts while preserving non-covalent interactions. The following experimental parameters were typically used (positive ion mode): capillary voltage, 1.7 kV; cone gas, 100 litres/h; sample cone, 90-200 V; extractor cone, 0-10 V; collision energy, 4 V; ion transfer stage pressure, 8.0 × 10 −3 mbar; quadrupole analyser pressure, 1.8 × 10 −5 mbar; ToF (time of flight) analyser pressure, 4.7 × 10 −7 mbar. External calibration of the spectra was achieved using solutions of caesium iodide. Data acquisition and processing were done using the MassLynx software (Micromass). All spectra are shown with minimal smoothing and without background subtraction.
RESULTS
FGF1 and FGFR2 bind to intact HS chains to form very-large-molecular-mass species
Full-length HS from porcine mucosa was split into three fractions according to the level of sulphation. The high-and low-sulphation fractions were added to FGF1 and FGFR2 and the complexes produced were analysed by size-exclusion chromatography. Both samples formed very large complexes, with a broad peak indicating heterogeneity in the complexes ( Figure 1A ). The sizeexclusion peaks were symmetrical, indicating that the peak value The mixture was incubated for 10 min and then added on to a 24 ml Superdex 200 column. Fractions (1 ml) were collected after a delay of 1.5 ml. Samples (20 µl) from the elution peak (fractions 10-14) were applied to a 15 % (w/v) acrylamide gel, with standard markers. The gel was stained with Coomassie stain.
can be used as a mean. The average sizes of these complexes were 465 kDa and 296 kDa respectively, for the highest and lowest sulphation levels. This suggests that multimers of the 2:2 FGF1:FGFR2 complex are forming on these HS chains.
Higher-order FGF:FGFR complexes form on heparin fragments of intermediate length
To investigate these multimeric complexes further, we examined the effects on complex formation of using fragments of heparin of intermediate length. We prepared complexes with fractions of heparin with average lengths of 16, 20 and 24 saccharide units. Sufficient heparin was added for one heparin molecule per two molecules of FGF1 and FGFR2. Size-exclusion of these complexes showed an intriguing pattern ( Figure 1B and Table 1 ). Each heparin sample had two discrete peaks superimposed on to one another. Deconvolution of the spectra into the component peaks (see Supplementary Figure 1 at http://www.BiochemJ. org/bj/393/bj3930741add.htm) demonstrated that the 24-mer sample consisted predominantly of a large complex (Complex A), with a small amount of a complex closer in size to the 2:2:1 FGF:FGFR:heparin complex; the 20-mer had approximately equal amounts of a species slightly smaller than Complex A and the lower-molecular-mass species, whereas the 16-mer had predominantly the lower-molecular-mass species. The increase in the apparent mass of Complex A and the 2:2:1 FGF:FGFR:heparin complex, with the change in heparin length, is likely to be due to an increase in the Stokes' radius caused by heparin extending beyond the protein complex and a greater separation between components in the case of Complex A. The presence of two discrete peaks in all of these samples suggests that these two species are qualitatively different and that the apparent shift in mass between the 12-mer and 24-mer cannot be due to the effect of overhanging heparin on the Stokes' radius. Analyses of fractions corresponding to the larger peak show approximately equal amounts of FGFR2 and FGF1 ( Figure 1C) , suggesting a 1:1 stoichiometry of FGF1:FGFR2 on this heparin sample, consistent with complexes observed previously.
The higher-order complexes can be competed out by the use of excess heparin
The interactions required to form the 2:2:1 FGF1:FGFR2:heparin complex seem to be co-operative, as the radius of the observed complex was unaffected even when an excess of heparin was added to the sample (Figure 2A ). To test whether the interactions involved in the formation of Complex A are similarly co-operative, further experiments were performed with either excess or insufficient heparin 24-mer ( Figure 2B ). When insufficient heparin was present, the excess FGF1 and FGFR2 did not form a complex, confirming that the complexes formed were specific. However, when excess heparin was present, the peak observed remained symmetrical, but the average mass was reduced. This suggests that Complex A is non-co-operative and will form wherever there is insufficient heparin. The mass of the observed peak decreased as greater excesses of heparin were added. The addition of an excess of 10-mer heparin from bovine lung (which showed a higher level of sulphation; Figure 2C ) resulted in the formation of species with a mass similar to that of the complex prepared as described by Pellegrini et al. [9] . This confirms that Complex A is less co-operative than the 2:2:1 FGF1:FGFR2:heparin complex.
Analytical ultracentrifugation confirms that higher-order complexes are present
Following these observations, a sample of Complex A with twice the required concentration of heparin 24-mer ( Figure 2B) was characterized by analytical ultracentrifugation. This analysis ( Figure 3) shows four complexes at significant abundances. These correspond to masses of 34, 64, 98 and 146 kDa. It is notable that the abundances of the smaller peaks were approximately equal, with a lower abundance for the 146 kDa peak.
MS confirms that two 2:2 FGF1:FGFR2 complexes bind to the heparin 24-mer
The FGF1-FGFR2-heparin 24-mer complex was also stable when size-exclusion chromatography was performed using an ammonium acetate buffer (results not shown). The purified complex was analysed by MS ( Figure 4 ). This shows three significant species (Table 2) , which correspond to complexes of FGF:FGFR:heparin with stoichiometries of 1:1:1 (Species A), 2:2:1 (Species B) and 4:4:1 (Species C).
DISCUSSION
Multimers of the FGF1-FGFR2 complex apparently form on long saccharide chains
When full-length HS chains are added to FGF1 and FGFR2, the complexes observed are extremely large (up to 500 kDa; Figure 1A ). It is not clear how many FGF1-FGFR2 pairs are assembled upon the HS; however, this appears to represent an extremely large aggregation of protein and saccharide. From this, it is clear that the binding of multiple units of the FGF1-FGFR2 complex observed by Pellegrini et al. [9] upon a single heparin chain is not prohibited. The use of shorter fragments of heparin, however, leads to the formation of complexes of a discrete size. The 16-mer of heparin forms two complexes ( Figure 1B) , one approximately the same as is observed with a 12-mer (corresponding to the 2:2:1 FGF1:FGFR2:heparin complex observed previously [9, 32] ) and one larger complex (Complex A). However, only a small proportion of the heparin chains is competent to form Complex A. More of the species from the 20-mer fraction are competent to form this larger complex, binding approximately half of the FGF1-FGFR2 pairs. When a 24-mer is used, the vast majority of the protein forms complexes with a molecular mass predicted to be 227 kDa. These observations suggest that some of the longer heparin species contain sufficient modifications (i.e. additions of sulphate groups to the heparin chain and epimerizations of the uronic acids) for two FGF1-FGFR2 complexes to form on them ( Figure 5B ). The data suggest that the minimum length required for this to occur could be as few as 16-18 saccharide units. The inability of all of the 20-mer heparin chains to carry out this function suggests that the pattern of modifications is likely to be significant in determining the capacity for the binding of multiple complexes. The 24-mer fraction appears to be strongly competent to form two complexes per chain. The species in these fractions are derived from the partial enzymatic cleavage of heparin. As heparin lyase I acts upon GlcNS( + − 6S)-HexA(2S) linkages (where GlcNS is N-sulphated glucosamine, 6S is 6-O-sulphate, HexA is hexuronic acid, and 2S is 2-O-sulphate), it can cleave between most disaccharide units within the heparin polymer chain. We used sized fractions isolated from an incomplete endolytic cleavage of heparin (approx. 10 % of maximum depolymerization). The internal sequences of the fragments will be dominated by the trisulphated disaccharide unit GlcNS(6S)-IdoA(2S) (where IdoA is L-iduronic acid) which comprises approx. 80 % of the porcine mucosal heparin chain [41] . Variations in sequence that arise from differences in position and frequency of di-and mono-sulphated units could influence the organization and stability of multiprotein complexes that form on the saccharide backbone. In the case of the shorter heparin fragments, the FGF1-FGFR2 complexes will be in close proximity with a greater potential for steric clashes. In these cases, the precise pattern of the heparin modifications will be most important. There will be few, or only one, possible sites on which the two complexes can assemble and, if one of these sites lacks the required modifications, the complex is unlikely to form. Shorter heparin fragments will place stricter requirements for precise modifications.
The results with excess heparin suggest that these complexes are not strongly co-operative (Figure 2 ). Whereas excess heparin will not lead to significant breakdown of the 2:2:1 FGF1:FGFR2:heparin complex, an excess of heparin leads to a reduction in the apparent molecular mass of Complex A. This suggests that there is a low energetic gain in forming the second FGF1-FGFR2 complex on heparin in this manner. It may be that there are still some steric hindrances in the case of the 24-mer and that the excess heparin allows more favourable formation of complexes. Alternatively, it may be that there are few interactions favouring the formation of the second complex on the same heparin molecule as the first, leading to the formation of a distribution of complexes. This contrasts with the formation of the 2:2:1 FGF1:FGFR2:heparin complex (observed by Pellegrini et al. [9] ), where there is very little protein-protein interaction between the two FGF1-FGFR2 dimers. The binding of heparin to an FGF1-FGFR2 dimer imposes a considerable restriction upon the motion of the heparin. Whereas the sugars are largely free to rotate in solution, the intimate binding of the sulphate groups to FGF1 and FGFR2 necessitates that the conformational flexibility of the heparin is considerably reduced. Therefore we suggest that an entropic penalty for the loss of heparin flexibility is paid for in binding one FGF1-FGFR2 heterodimer, so the binding of a second heterodimer on the opposite face of the same heparin is likely to be more favoured than binding to another heparin molecule. This is also suggested by the finding that breaking the ring structure of one sugar creates an inhibitor of FGF signalling and angiogenesis [42] . In the case of the double complexes of Complex A, there is no equivalent loss of flexibility further along the heparin molecule from the binding of the first 2:2:1 FGF1:FGFR2:heparin complex.
MS and analytical ultracentrifugation establish that the species observed in size-exclusion chromatography represent higher-order complexes
The identity of Complex A was confirmed by the results of MS and analytical ultracentrifugation. The analytical ultracentrifugation results suggest that there are four significant species (Figure 3) , including one of a higher mass than the 2:2:1 FGF1:FGFR2:heparin complex described by crystallography [9] . The mass of this larger species is approx. 150 kDa, which corresponds approximately to a complex with three or four copies of each of the protein units. However, the precise composition of the complexes, and in particular the stoichiometry with respect to heparin, cannot be deduced from the analytical ultracentrifugation data as the resolution is not high enough.
MS results give more accurate masses for three species ( Figure 4 and Table 2 ). The observed peaks are somewhat broad: this is not unexpected, given that heparin samples from porcine mucosa are somewhat heterogeneous in their sulphation and that the heparin component of this sample is likely to show some variability in length. Nevertheless, the level of accuracy observed is extremely high and gives a firm indication of the masses of the principal components of the sample. The masses obtained are all within a few hundred Daltons of the predicted values for complexes with a stoichiometry of 1:1:1, 2:2:1 and 4:4:1 of FGF1:FGFR2:heparin. The lower observed molecular masses for the complexes are not unexpected: porcine mucosal heparin is typically approx. 81.9 % sulphated [41] , whereas the predicted values are for 100 % sulphation.
The most significant result from the MS is the identification of a species with an average mass of 167 792 Da. This strongly suggests that the species is a 4:4:1 FGF1:FGFR2:heparin complex, as the predicted mass for such a complex is just 244 Da larger at 168 036 Da. The possibility of two heparin chains being present is excluded, as the increase in mass associated with this would be 6-7 kDa. This result firmly establishes that two FGF1-FGFR2 complexes can form upon a single saccharide chain of sufficient length. This suggests a mechanism by which clusters of FGFRs might form on the cell surface in response to exposure to an FGF signal ( Figure 5C ).
The masses of the principal component of the 4:4:1 FGF1: FGFR2:heparin complex observed suggest that the heparin chains that are involved in these interactions will be very sulphate rich. The average mass for the 4:4:1 complex is close to that predicted for full sulphation, suggesting that heparin fragments with higher sulphation levels are selected for binding in these experiments. The difference between the average observed and the expected masses for the 4:4:1 complex is 244 Da. This could be accounted for by the loss of, on average, three sulphates (change of 79 Da per sulphate group gained or lost). The mean sulphation of a heparin 24-mer is 29-30 sulphates (out of the possible 36) [41] , suggesting that there may possibly be an enrichment of higher sulphated species in Complex A. It is possible that the true loss of sulphation will be higher than this, as the species observed may also include small amounts of bound solvent. The data suggest that, of the 36 sulphate groups that could be accommodated on a fully sulphated heparin fragment of 24 saccharide units (excluding the possibility of the rare 3-O-sulphate group), the majority must be present in the species that form the 4:4:1 complex.
Conclusions and perspective
Our data suggest that longer fragments of heparin are capable of forming larger complexes of FGFs and FGFRs than the 2:2 FGF:FGFR complexes described by X-ray crystallography [9, 31] . Indeed, a subset of species with lengths as short as 16 or 18 saccharide units may be competent to form 4:4:1 FGF: FGFR:heparin complexes. Further increases in length increase the proportion of heparin chains that are competent to form such a complex. Longer heparin fragments should be capable of binding even more FGF and FGFR units. In addition, the data suggest that the higher-order complexes are not as stable as some of the 2:2 complexes described previously, as, in solution, an excess of heparin can reduce (but not abolish) the formation of these complexes. Finally, it appears that the saccharides involved in the formation of these interactions are the more highly sulphated chains from the pool of heparin fragments used to prepare the samples.
These observations suggest that the binding of multiple FGF complexes to a single heparin chain is favourable in solution. The conditions used differ from those on the cell surface in several important manners. First, on the cell surface, FGFRs will be inserted into the membrane. This has the effect of reducing the dimensionality of the interaction space from three to two dimensions, which tends to increase affinities considerably. Secondly, HS is not limiting on the cell; indeed, it is present in sufficiently large quantities that most FGFRs are likely to be complexed to different molecules in the resting state [43] . Finally, HS differs in structure from heparin. Heparin has a very high density of sulphation throughout its entire length; in contrast, the corresponding regions in HS, the S-domains, are spaced at intervals of approx. 14-16 disaccharide units [44] . Our present findings indicate that FGF1-FGFR2 pairs will form stable complexes on these domains only if they are extensively modified by O-sulphation. Sequencing data on HS from NIH 3T3 cells (which are responsive to FGF1) indicate that the degree of Osulphation of the S-domains increases with S-domain length [22] and that this should enhance their capacity for assembling FGF-FGFR signalling complexes. In principle, two such complexes could form by docking on to two spatially discrete long Sdomains analogous with those observed on the heparin 24-mer (12 disaccharide units) fragments in the present study. However, they would be likely to be separated by a greater distance in HS, thus minimizing steric clashes. Loo and co-workers [45] have suggested that an FGF8-FGFR complex could form on regions of intermediate or low sulphation in HS, but our findings indicate that when FGF1 is the ligand there is a requirement for high sulphation for complexing with FGFR. This correlates with the data of Lindahl and co-workers [46] , who have shown that highaffinity binding of FGF1 requires a cluster of N-, 2-O-and 6-Osulphate groups, and with bioactivity studies that have shown that FGF1-induced mitogenesis in HS-deficient cells requires highly sulphated HS saccharides [47] .
It is clear that re-distribution in the cell to form discrete aggregates upon activation is a feature of receptor systems [34] [35] [36] [37] , although no direct evidence of this has yet been shown for FGFRs. This implies that FGFRs will alter their binding to HS upon activation. As weak interactions are observed between FGFR molecules themselves [9] and as FGFRs are known to bind to multiple other proteins, including N-cadherin [48] , N-CAM (neural cell-adhesion molecule) [49] and XFLRT3 (fibronectinleucine-rich transmembrane protein 3) [50] , as well as their intracellular binding partners, there are multiple possibilities for molecules that drive the clustering of FGFRs. This clustering, in response to the FGF signal, will involve changes in the interactions with HS. At the cluster site, the considerable concentration of biomolecules on the membrane will drive additional interactions between the aggregating species. The formation of multiple units of the FGF-FGFR-HS complex upon a single chain of HS might be such an interaction, as the concentration of HS relative to protein is likely to be reduced in the cluster (even given the tendency of HS bearing proteins to join in clusters), and the distance between S-domains on the physiological HS will be sufficient to prevent steric hindrances from disfavouring such complexes from forming. The possibility of multiple FGF complexes involving a single HS chain forming at clustering sites must therefore be considered when building models of the mature FGF signalling complex.
